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ABSTRACT
Krause, Liesl A. M.S.B.M.E, Purdue University, August 2018. Dielectrically-Accurate
Tissue Simulating Materials for a Heterogeneous Breast MRI Phantom.
Major
Professor: Joseph Rispoli.
Phantoms, which are non-biological test objects, are used to validate a variety
of biomedical imaging modalities for accuracy and safety. In MRI, phantoms can
be used, speciﬁcally, to test safety with regards to SAR and RF heating. This is of
particular importance when developing new imaging protocols related to a speciﬁc
anatomy, MRI use, or other software or hardware updates. Discussed in this thesis is
the creation of an anatomically accurate breast phantom for safety testing before use
of novel MRI protocols for breast cancer diagnostic imaging. Previous MRI breast
phantoms are either homogeneous or have barriers between tissue types, which is not
representative of real anatomies. Liquid phantoms are not an accurate representation
of how heat is transferred through the body. Additionally, each tissue in the body
has it’s own unique dielectric property and averaging them into one material is not
an accurate representation of biological systems. In the new phantom created, each
material is veriﬁed for dielectric accuracy as a liquid and gel, using an open-ended
coaxial probe. These materials are then combined to construct a breast phantom that
is more anatomically accurate than current models, as conﬁrmed with MRI.
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1. INTRODUCTION
Magnetic resonance imaging (MRI) is a non-invasive medical imaging technique with
minimal risk as compared to other imaging modalities. There is no ionizing radiation associated with MRI and it is considered non-invasive. However, MRI can be
dangerous if certain safety precautions are not taken. MRI utilizes a strong magnetic
ﬁeld that may cause damage in patients with medical or cosmetic metallic implants.
Additionally, if magnetic tools are brought into the scanner room, they can become
projectiles and cause severe damage to the patient and facility. MRI also uses radiofrequency (RF) power to transmit and acquire signal from the patient and obtain
images, meaning that RF power is deposited into the body. RF power deposition is
the power that enters the body from being subjected to an RF ﬁeld. Too much power
deposition can have harmful eﬀects on the human body, such as overheating.
Power deposition and absorption in the body is measured as speciﬁc absorption rate (SAR). Without proper MRI safety protocols, unsafe levels of SAR can
be reached, causing tissue heating and damage. As technology continues to move
forward and researchers attempt to increase MR image quality, SAR levels continue
to increase, and patient safety becomes a concern. To maintain MRI safety, new
methodologies must be developed to determine SAR limits before scanning protocols
can be used in the clinic. New technologies in MRI are advancing rapidly and new
standards and methods of testing safety quantitatively are needed at a higher rate
than when MRI was new [1]. Across imaging modalities (such as ultrasound, x-ray,
and MRI), phantoms are used to test accuracy of images and safety of protocols.
Many phantoms are built for a speciﬁc imaging modality, and more speciﬁcally, for
testing a singular component of an imaging modality. MRI phantoms that can be used
to very accurately represent one factor of a human anatomy (diﬀusion, anatomically
accurate heating, etc.) are in high demand [1]. The goal of this research is to develop
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and dielectrically verify a gelled tissue-simulating material to use in the creation of
an anatomically accurate breast phantom for SAR and RF heating testing.

1.1

Motivation
One of the ways in which levels of SAR can be modeled and estimated is through

simulation. Several diﬀerent programs are available that include simulated phantoms
of various body types and tissues. Researchers have used XFdtd (Remcom, State College, PA) to perform SAR simulations using the ﬁnite-diﬀerence time-domain (FDTD)
method of solving electromagnetic problems [2]. They used existing whole-body models and seamlessly attached larger breasts to them in order to represent a prone female
body. This model was then used to map SAR and temperature rise across four different breast models (discussed in the section on breast tissue below). The results
from this study are summarized in Figure 1.1. To become translational, however,
simulation must be supported by experimentation in the physical world.

Fig. 1.1. Breasts molded to the whole-body phantom Ella, laying in
the prone position with a breast coil around the left breast. The four
breast images in each row represent the four BI-RADS classiﬁcations
for breasts by increasing amount of ﬁbroglandular tissue. The top two
rows show the maps of SAR across the breast and the bottom row
shows the resultant temperature rise from the coils. [2]
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1.1.1

Multi-Gel Tissue-Simulating Material Phantoms

To bridge the gap between simulation and physical experimentation, artiﬁcial tissues, or phantoms, can be developed and tested in the MRI environment. This allows
more rigorous experimentation to be done before acquiring real tissues, which assists
in ethical experimentation methodologies. Several phantoms use tissue-simulating
materials (TSM); the typical use of TSMs is a large container of liquid TSM that
is averaged to the general area of interest. There are a few fundamental problems
with using an average liquid TSM phantom. First, liquid conducts heat diﬀerently
than tissue. Heating liquid can conduct heat to other surrounding areas which is
not an accurate representation of what happens in the body. Secondly, averaging the
tissue properties into one TSM does not accurately represent the body and may not
accurately represent how heat is conducted throughout the body. Tissues that are
next to each other, and therefore share an interface, may experience diﬀerent heating and power deposition patterns than would a homogeneous solution. One of the
phantoms used by radiologists is the American College of Radiology Imaging Network
(ACRIN) 6657 phantom. This phantom is a liquid phantom optimized for magnetic
resonance spectroscopy [3]. It is 2 liters (L) of vegetable oil with a small ball containing phospho-choline [3]. Some of the issues with this phantom are that it is primarily
liquid and the smaller inner container is not representative of breast anatomy, nor is
the large size of the phantom. The ACRIN 6657 phantom can be seen in Figure 1.2.
Two previous breast phantoms that illustrate additional issues can be seen in
Figures 1.3 and 1.4. The ﬁrst breast phantom is from High Precision Devices, Inc [4].
Each breast in the model is designed to work for a diﬀerent modality of MRI. The left
breast is designed to simulate diﬀusion for diﬀusion-based MRI. The right breast has
layers of diﬀerent types of tissue simulating material. The outer layers are simulating
fat with accuracy in regards to T1 relaxation, the inner spheres simulate ﬁboglandular
tissue in regards to T1 relaxation. Separating the tissues with plastic containers is
an inaccurate representation of tissues within the body. Additionally, while diﬀusion
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Fig. 1.2. ACRIN 6657 phantom. It is a large container of vegetable
oil, with a smaller container within containing phospho-choline.

is not of interest in this research, it should be noted than the tubes in which diﬀusion
occur in this model are much larger than the ducts through which diﬀusion occurs in
the body. The second breast phantom is from Supertech, Inc. [5]. While this breast
phantom is multi-modal (meaning it works for several diﬀerent imaging modalities),
its primary use is for training clinics to take breast biopsies, feel for masses, and
perform sonograms. It has self-healing skin, which allows for several biopsy attempts
to be performed. It also has two masses inside of a gel substance that can be found
palpably or with various medical imaging techniques. This phantom, however, is
not entirely accurate for MRI as the materials selected are not true to the dielectric
properties of the breast tissues they represent, nor are the internal structures as
complex as the ductal tree of a real breast.
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Fig. 1.3. Breast phantom from High Precision Devices, Inc. The left
breast has apparatus to mimic diﬀusion within the conical tubes. The
right breast has several layers of tissue mimicking material for breast
fat, separated by the plastic insets. The spheres within each layer are
ﬁlled with tissue mimicking material for ﬁbroglandular tissue [4].

Therefore, a non-liquid, multi-tissue phantom is needed. To ﬁll this need, a phantom comprised of multiple gel TSMs, termed multi-gel TSM phantom, was made to
mimic the closeness of various tissue types in the body. Previously, two phantoms
with similar construction have been built [6–8]. Graedel et al. developed a head
phantom containing distinct cavities for various TSMs. However, the TSMs were
always separated by a barrier which is anatomically inaccurate because, in the body,
tissues do not have a barrier between them. Additionally, their phantom was built
for SAR testing at 7T (298MHz for proton). While 7T MRIs are becoming more
common in research, they are seldom used in the clinic, thus 3T systems continue
to dominate. Finally, the methodology used to verify SAR values was a SAR mapping scan on the MRI itself, as opposed to testing heating or SAR during a typical
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Fig. 1.4. Breast phantom from Supertech, Inc. This phantom is designed for clinics to practice breast biopsies, palpability of masses, and
sonograms. It is comprised of a background gel with two embedded
masses [5].

clinical scan. Heating under extreme or clinically accurate RF conditions was not
performed [6, 7]. Kußet al. also developed a head phantom, using a human skull as
the base. They included multiple gel TSMs side by side to more accurately represent
the anatomy of the head. However, they did not optimize their phantom for SAR
testing as their phantom was used to verify subdural electrode location tools during
epilepsy surgery [8]. Despite this pitfall, their methods provide a means to prevent
contamination between TSMs in multi-gel TSM phantoms.

1.1.2

Gel-Gel Interface

One of the ﬁrst questions faced when exploring multi-gel TSM phantoms is what
happens at the gel-gel interface. The gel-gel interface is likely to be an area of varying
heat conduction dependent upon the properties of the TSMs and the origin of heating.
Before building complex anatomical structures, the characteristics of heat and SAR
at the gel-gel interface must be explored. Currently, there is no known research on
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the gel-gel interface in multi-gel TSM phantoms, in general or speciﬁcally related to
the heating properties at this interface.

1.1.3

3T TSM Gels

Before exploring the gel-gel interface, gel properties must be fully explored and
validated for accuracy of dielectric properties at 3T, 128MHz. The properties for
3T, 128MHz, were selected because 3T machines are widely available for clinical use.
Additionally, 128MHz is the frequency for hydrogen-1 (proton) at 3T, as calculated
using proton’s gyromagnetic ratio. Other nuclei (such as phosphorous or carbon) can
be used to develop a multi-nuclear phantom, however, the focus of this research is
a phantom for anatomical scans, which are typically conducted using proton. There
are resources available, such as the IT’IS Database, that list certain characteristics of
tissues, thereby providing target properties for TSM materials [9, 10]. There are also
resources that aid in the development of agar gel phantoms with known dielectric
properties (conductivity and permittivity), particularly the National Institutes for
Health (NIH) Recipe Generator based on a paper by Duan et al. [11]. This generator
gives a recipe for the amount of sugar and salt required to meet given dielectric
properties. It also calculates the amount of agar and benzoic acid needed to meet the
inputted percent of each by water weight. The concern, however, is that the recipe
generator has only been validated for materials between 150 MHz and 4.5 GHz, which
is above the operating frequency for proton MRI at 3T, 128 MHz [11]. Additionally,
the recipe generator does not take into account any dielectric diﬀerences that occur
following the addition of agar which gels the phantom and changes it’s dielectric
properties. Therefore, the preliminary research question for developing an accurate
anatomical phantom for RF heating and SAR protocols at 3T is to verify the creation
of TSMs at 3T with agar added. In this research, the focus will be an anatomically
correct breast phantom due to the need for more accurate breast imaging for cancer
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screening. Figure 1.5 shows the research pipeline for developing the breast phantoms
at 3T, with the research question discussed in this paper highlighted in yellow.

Fig. 1.5. Diagram of the research pipeline for developing accurate
breast phantoms at 3T, with the research problem addressed in this
paper highlighted.

1.1.4

Breast Tissue

While many phantom anatomies are needed for diﬀerent types of testing, the
primary focus of this research is breast anatomy. The Centers for Disease Control
and Prevention (CDC) reports that in 2015 242,476 new cases of breast cancer in
women were reported and 41,523 women died from female breast cancer [12]. Female
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breast cancer cases are the leading type of cancer reported within the United States
and have the second highest rate of death among cancer types [12]. The primary
motivation for this research is the inaccuracies found within mammograms used to
detect breast cancer and the need for a diﬀerent imaging modality. The American
Cancer Society, for example, has recognized that women with dense breast tissue are
more likely to have false-negatives, meaning that their results appear to be negative,
when they actually have signs of breast cancer [13, 14]. This information has made
the rounds in several publications, including non-scientiﬁc magazines. Women have
become skeptical of the reliability of mammograms and are reluctant to be tested
since their results may be inaccurate [15–17]. Two disadvantages of mammography
for young women or women with dense breasts are the use of ionizing radiation
and a lower spatial resolution as compared to MRI [18]. A 2012 study found that
of 2662 women, 110 were diagnosed with cancer during a 3 year period [19]. One
woman in the study was diagnosed twice with two separate cancer cases, for 111
incidents of cancer throughout the study. Only 30% of these cases were found through
mammography alone, and 8% required MRI follow-ups to diagnosis the cancer [19].
Since biopsies are only performed if cancer is suspected, only 7% of women had a
biopsy performed as a direct results of MRI ﬁndings [19]. Within the group of women
who underwent MRI for breast cancer screenings, there was a 56% increase in cancer
detection, which is critical for early treatment [19]. Breast MRI is more likely to
detect a breast cancer event, though it will often detect benign cysts as breast cancer
as well [18, 19]. However, it is often better to diagnose a patient with cancer and do
additional testing before treatment, than to not detect cancer and leave the patient
untreated. One potential solution to combat the high rate of fale-negatives associated
with mammography is to use MRI.
The American College of Radiology has developed a system (BI-RADS, breast
imaging reporting and data system) for categorizing breast tissue types and diﬀerent
prognosis’ of breast cancer. The four types of breast categories are: a) almost entirely
fat, b) scattered ﬁbroglandular tissue, c) heterogeneous ﬁbroglandular tissue, and d)
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extreme ﬁbroglandular tissue [20]. Mammogram images of these four types can be
seen in Figure 1.6 [21]. Type d is typically considered dense breast tissue which
is more diﬃcult to classify using standard mammography. MRI may provide more
robust diagnostic abilities than mammograms across all four breast types, making it
possible to separate ﬁbroglandular tissues from cancerous tissues. The ability to take
images in slices with MRI, rather than the homogeneous picture of the entire anatomy
with mammography, allows for better image quality and the ability to distinguish
between tissue types. This advantage can be seen when comparing the image quality
in Figure 1.7 with 1.6 [21, 22].

Fig. 1.6. Mammogram images of each breast type classiﬁed by BI-RADS [21].

Before clinical MRI can be performed on breasts, the scanning protocols and
MRI hardware must be validated for safety. Part of this safety validation is the
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Fig. 1.7. MR images of a normal and abnormal breast. These are slices
of a larger 3D image, which makes them appear less noisy/cloudy than
the images taken with mammography [22].

determination of SAR safety limits, both through simulation and through physical
experimentation. It is critical to determine SAR limits as a means to eliminate RF
heating to the patient and prevent tissue damage.

1.2

Thesis Chapters and Organization
This thesis will begin with a brief introduction to MRI. Next, the importance of

determining dielectric properties of materials when developing testing phantoms will
be discussed, followed by a discussion of the various types of phantoms.
The following chapter will discuss an experiment designed to study the dielectric
properties of agar. This is a precursor to the experiments for developing tissue simu-
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lating material phantoms. The creation and testing of the tissue simulating material
phantoms will be discussed in Chapter 4. A full breast model with MR images will
be discussed in Chapter 5. Conclusions to be drawn from these experiments and any
potential future work will be discussed in Chapter 6. Additional ﬁgures and data can
be found in the appendices. The appendices are named to match the chapters with
which they correspond.
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2. BACKGROUND
Magnetic resonance imaging (MRI) is commonly used in the clinic for diagnostic
purposes, but it is still a relatively new method. MRI uses nuclear magnetic resonance
to obtain signal. Nuclear magnetic resonance (NMR) was discovered independently
by both Felix Bloch and Edward Purcell in 1946 [23]. NMR is the signal produced by
the rotation of molecules and their resultant electromagnetic signal. Their discovery
led to a Nobel Prize in Physics in 1952. Since then, several Nobel prizes have been
awarded to celebrate accomplishments related to magnetic resonance. Lauterbur was
the ﬁrst to discuss using magnetic resonance for imaging in 1973 [23]. His work, along
with Sir Peter Mansﬁeld, is the basis for much of the MRI technology used today.

2.1

NMR
One of the ﬁrst discussions regarding the use of NMR signal for imaging was in

a 1973 article written by Paul Lauterbur [24]. Lauterbur demonstrated the ability
to determine the proton concentration in two tubes of pure water to obtain signal
projections from four directions. Using projection reconstruction by changing rotating
the objects in respect to the ﬁeld, Lauterbur was able to successfully distinguish
between the two vials of water. This was a fruitful trial to show that images could
be constructed from NMR signals.

2.1.1

Spins

Nuclear spins are the crux of nuclear magnetic resonance signals. Atoms with
an odd number of protons, an odd number of neutrons, or both, have spin angular
momentum [23]. Having an odd number of neutrons or protons induces a charge on
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the atom. They spin about their axis and create a current loop, which in turn creates a
magnetic dipole moment [23]. In this way, each spin has its own small electromagnetic
ﬁeld, which can be manipulated. The hydrogen atom has one proton, and is often
referred to as proton. The proton is the most commonly used nucleus for imaging due
to the abundance of water (H2 O) in living tissues, though other nuclei can be used for
multi-nuclear protocols. Proton will be used in reference to spins for the remainder
of this discussion.

Fig. 2.1. Representation of a proton nucleus. The arrow represents
the direction of the north end of its magnetization. Proton is a dipole,
meaning it has a north and south pole of magnetization.

Typically, protons are randomly arranged in bodies, with their ﬁelds pointing in
several directions. The presence of a large static magnetic ﬁeld (B0 ) can align these
protons along a single axis, usually designated as the z -axis [23]. The tendency of the
spins to align along z gives rise to a net magnetization moment, designated M [23].
The protons can align parallel or anti-parallel to B0 . All the protons, however, still
provide signal.
Protons are not static when aligned; they spin about their axes at a speciﬁc, known
frequency called the Larmor frequency (ω0 ). The Larmor frequency is dependent
upon the gyromagnetic ratio of the nuclei (γ) and the strength of the static magnetic
ﬁeld (B0 ), as described in Equation 2.1 below. For example, the proton has a γ =
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Fig. 2.2. Representation of protons without a static magnetic ﬁeld.

Fig. 2.3. Representation of protons within a static magnetic ﬁeld.

276.5 · 106 rad/sT or 42.58M Hz/T . Therefore, the proton in a 3T magnetic ﬁeld has
a Larmor frequency of 127.74 MHz, often rounded to 128 MHz.

ω = −γB0

2.1.2

(2.1)

RF Field

Magnetically aligned protons can be used with their electromagnetic properties
to acquire signal from the body. This is done in two steps - radio-frequency (RF)
transmission and reception. RF transmission is the process of relaying RF pulses, via
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an RF coil, to the object of interest. RF pulses are delivered at the Larmor frequency
for the nuclei of interest, which is 128MHz for proton at 3T. An RF pulse at the
Larmor frequency causes the proton to tip from its alignment along the z-axis into
the xy-plane, as shown in Figure 2.4 below. While a short pulse causes this tip, it is
the recovery of this tip that provides the receivable RF signal. The recovery of the
proton from the xy-plane back to the z-axis is called T1 relaxation, which can be seen
in Figure 2.5. There is also T2 relaxation, which is the de-phasing and re-phasing
of the proton while in the xy-plane. When the protons precess in the xy-plane, the
protons become out of phase with each other. However, with additional re-phasing
RF pulses the protons will come back into phase with each other, which is referred
to as an echo. This is whole process can be seen in Figure 2.6.

Fig. 2.4. Representation of a proton being tipped from the z-axis
alignment to the xy-plane using an RF pulse.

T1 and T2 relaxation times are dependent upon the tissue within which the protons being excited are located. For example at 3T, muscle has a T2 time of 47ms, but
gray matter has a T2 time of 100ms because of the varying densities of the two tissue
types [23]. It is the time-dependence of these signals that allows the acquisition of
images with contrast between tissue types.

17

Fig. 2.5. Representation of T1 relaxation.

2.2

Signal Acquisition

2.2.1

k-Space and Gradients

Raw signal from an MRI is acquired in what is known as k-space, or a representation of the frequency domain. Each 2D plot of k-space acquired from the scanner
represents one slice of the object of interest. Acquisition in k-space is not only reliant
on RF pulses, but also on the gradient coils in the x, y, and z directions (Gx , Gy , and
Gz respectively). For a standard pulse sequence, an initial RF pulse causes the protons to tip into the xy-plane. Gy is then turned on, which causes protons at a higher
y-coordinate to precess faster than those at lower y-coordinates. Gy is turned oﬀ and
Gx is immediately turned on, causing the same phenomenon in the x -direction. In
k-space, this acquires one line across kx at the speciﬁed ky . A visual representation
of this can be seen below in Figure 2.7. By changing the duration and amplitude of
the Gy and Gx pulses, it is possible to acquire diﬀerent vectors of k-space. Pulses
on Gz step through the various slices of k-space to acquire a full 3D image. For 2D
images, between each slice and acquisition of k-space, the protons must be excited
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Fig. 2.6. Representation of T2 relaxation and echo. The blue arrows
are vectors which represent the magnitude and direction of the signal.
The initial signal of the proton is the strongest as all protons are in
phase, but as they de-phase the signal decreases. A second RF pulse
causes the protons to re-phase for full signal again.

and tipped again using an RF pulse. After acquiring a full k-space matrix in the
frequency domain, a Fourier transform can be performed on each slice to reconstruct
the frequency information into the time domain and obtain a usable image.
One speciﬁc type of pulse sequence that is often used for breast imaging is referred
to as inversion recovery. Inversion recovery sequences use a 180◦ pulse sequence ﬁrst,
to completely invert the magnetization of the protons [23]. As the magnetization
recovers to the z-axis, a 90◦ pulse is applied to tip the protons and read out the signal.
This sequence can be used to null out signals from various materials, a process known
as suppression. Fat-suppressed images use the known T1 value of fat to determine
when the fat will be at zero signal, and then applies a pulse at that moment. This
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causes the non-adipose tissue to be excited when the fat signal is equal to zero [23].
The 180◦ pulse is high power, four times that of a 90◦ pulse, which causes more
power deposition into the subject. However, it also provides images that are clearer
representations of the anatomy embedded within the fat.

Fig. 2.7. Representation of how signal is acquired in k-space using
RF pulses and gradient pulses. After tipping the protons with the
RF pulse, the Gy and Gx gradients turn on to acquire signal within
the k-space coordinates. The Gy pulse moves up and down through
k-space and the Gz pulse acquires one line of k-space.

2.2.2

Maxwell’s Equations

While image acquisition works entirely oﬀ of the magnetic ﬁeld, the magnetic
and electric ﬁelds are linked. This is called electro-magnetics. Maxwell’s equations
are a set of four equations that, together, describe electricity and magnetism. They
can be written in either integral or derivative form. The ﬁrst is Gauss’s law, which
states that the electric ﬂux leaving a volume is proportional to the charge within that
volume. The integral form is Equation 2.2 and the derivative form is Equation 2.3.
‹

1
E · dS =
ε0
δΩ

˚
ρdV
Ω

(2.2)
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r·E =

ρ
ε0

(2.3)

The second of Maxwell’s equations is Gauss’s law of magnetism, which states that
the total magnetic ﬂux through a closed surface is zero. In other words, a magnetic
ﬁeld is always a closed system. The integral form is Equation 2.4 and the derivative
form is Equation 2.5.
‹
B · dS = 0

(2.4)

δΩ

r·B =0

(2.5)

The third of Maxwell’s equations is the Maxwell-Faraday equation, also known as
Faraday’s law of induction. This states that the induced voltage in a closed loop is
proportional to the rate of change of the magnetic ﬂux contained within that same
loop. This equation directly relates the B ﬁeld and E ﬁeld to each other. The integral
form of this equation is Equation 2.6 and the derivative form is Equation 2.7.
˛

d
E · d` = −
dt
δΣ

¨

r×E =−

B · dS

(2.6)

Σ

∂B
∂t

(2.7)

The ﬁnal of Maxwell’s equations is Ampére’s Current Law with Maxwell’s addition. This law states that the magnetic ﬁeld induced around a closed loop is proportional to the electric current rate of change within the loop. Again, this equation
directly relates the B ﬁeld and the E ﬁeld to each other. The integral form of this
Equation 2.8 and the derivative form is Equation 2.9.
˛

¨
B · d` = µ0
δΣ

d
J · dS + µ0 ε0
dt
Σ

r × B = µ0 (J + ε0

∂E
)
∂t

¨
E · dS

(2.8)

Σ

(2.9)
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2.3

SAR
Speciﬁc absorption rate (SAR) is the rate at which energy is absorbed by a body

placed in an RF ﬁeld. While RF radiation is non-ionizing, it can still present dangers
at high levels. SAR is aﬀected by the strength of the electric ﬁeld, which is in turn
aﬀected by the strength of the magnetic ﬁeld. Therefore, the higher the magnetic ﬁeld,
the higher SAR when performing a scan. Speciﬁcally, SAR increases exponentially
with electric ﬁeld, as shown in Equation 2.10 below. This does not, however, mean
that higher magnetic ﬁelds are more dangerous or should be avoided for clinical use.
Higher magnetic ﬁelds and higher SAR can provide a better signal-to-noise ratio
(SNR), which provides better image quality and signal acquisition. The highest SAR
limit that can be safely achieved is that which poses no threat of harm to the subject
being scanned. Many regulatory agencies require the maximum allowed SAR to be
well below the amount of SAR that could cause damage.
1
SAR =
V
2.4

ˆ
sample

σ(r)|E(r)|2
dr
ρ(r)

(2.10)

RF Heating
The most caustic eﬀect of high SAR is RF heating, also known as dielectric heat-

ing. This phenomenon is what causes microwaves to heat food. Constantly oscillating
electric ﬁelds cause the protons (and other dipole molecules) to continuously shift
alignment and release energy and heat to the surrounding molecules. This heats the
entire object through radiative heating.
As discussed in Sections 2.1 and 2.2, MRI creates alternating magnetic ﬁelds
which tip protons. This method not only produces signal, but also produces heat.
The rate at which heat dissipates is dependent upon the dielectric properties of the
material being heated. In Equation 2.10 there is a direct relationship between SAR
and conductivity (σ). Permittivity and conductivity play a role in RF heat dispersion
as they represent the way in which molecules react in the presence of changing electric
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ﬁelds. Additionally, permittivity and conductivity can be used to ﬁnd the dielectric
loss tangent, which indicates the electrical insulation properties of the material.
It is critical that any material being used to test for MRI safety in regards to
RF heating and SAR have the same or similar dielectric properties as the anatomy
being tested. Additionally, phantoms should include TSMs that represent the entire
anatomy of interest, making sure the TSMs come into contact with one another to
accurately represent permittivity and conductivity at tissue interfaces. Since the
tissue interface can greatly aﬀect heat dispersion through the body, it is imperative
to create a tissue simulating material that allows multiple tissues side by side, without
additional containers. Gel phantoms are an ideal method since multiple gels can be
molded side by side or gels can be injected within each other, allowing the construction
of complex multi-tissue phantoms. Previous methods for constructing gel TSMs have
been developed, but these methods have not been validated at 3T. Therefore, this
work will explore validating gel TSMs at 3T (128 MHz).

2.5

Dielectric Properties

2.5.1

Permittivity

Permittivity is the ability of a medium to resist electric ﬁeld and allow electric ﬂux.
It can be measured as an absolute value, but is more typically written as a relative
value as compared to the permittivity of a vacuum (0 ). 0 is given as 8.85∗10−12 F/m
and its relationship to absolute and relative permittivity ( and r , respectively) can
be seen in Equation 2.11 below. The permittivity of a vacuum is crucial in the ﬁrst of
Maxwell’s Equations, Gauss’s law. It is one variable determines the net ﬂux through
a closed surface by determining the allowance of that surface to pass ﬂux.

 = 0 r

(2.11)

The response of permittivity in a vacuum diﬀers from permittivity in most other
materials; additionally, permittivities are frequency dependent. Frequency dependent
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permittivity is called complex permittivity and has a real and imaginary components.
0 is referred to as the real component and 00 is referred to as the imaginary component,
while the ratio of the two is referred to as the loss angle (δ). The loss angle can be
used to quantify the ability of a material to pass electrons. A perfect dielectric would
have a loss angle of zero and would have zero loss of electricity.

2.5.2

Conductivity

Conductivity (σ) is the ability of a medium to allow the ﬂow of electric current,
or to conduct. Conductivity is deﬁned as the inverse of resistivity (the ability for a
material to resist the ﬂow of electric current) and it is measured in S/m. Conductivity
is also frequency dependent and is directly related to the imaginary component of
permittivity, as seen in Equation 2.12. A perfect conductor has inﬁnite conductivity.

 = 0 − j00 = 0 − j

2.6

σ
ωf

(2.12)

Gel Phantoms
Gel phantoms, as opposed to standard liquid phantoms, allow for stand-alone

phantoms. This allows researchers to eliminate the variable of a container when
using phantoms, and in the case of multi-tissue phantoms, allows researchers to forgo
smaller sub-containers within their phantom. Additionally, when considering the
type of phantom to use in experiments where heating is involved, gels provide a more
accurate representation of how heat disperses through the body than liquids. There
are several methods of gelling phantoms, each with their own unique characteristics.
Dabbagh et al. reviews the use of TX-150/TX-151, agar, acrylamide, hydroxyethyl
cellulose, gelatin, and gelan gum as gelling agents in several previous studies [25].
Some researchers use TX-150/TX-151 as a gelling agent because they can alter
the thermal and electrical properties of the gel by altering the concentration of the
gelling agent itself [25]. Mazzara et al. used TX-151 with water, sodium chloride
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(NaCl), and aluminum (Al) to create a realistic breast phantom [26]. This phantom
mimics the T1 and T2 properties of breast tissue, using a layer of Crisco c (allvegetable shortening) on the outside of their gel to represent the adipose tissue. This
phantom is ideal for testing MRI pulse sequences and RF coils for imaging, as it nearly
perfectly replicates the image seen when scanning a breast [26]. However, the TX-151
phantoms do not last for extended periods of time and may not hold up in thermal
testing [25]. Additionally, this breast phantom does not account for all four of the
BI-RADS breast types and is generally homogeneous, which is not representative of
real human breasts.
Yuan et al. used bloom gelatin to create a thigh phantom with a deep-set tumor
[27]. NaCl was used to change the conductivity of the solution and oil volume was
used to change the permittivity. One additional variable in their phantom was the use
of detergent to create a homogeneous mixture of the oil and saline [27]. Additionally,
Yuan et al. used plastic ﬁlms and plastic cylindrical containers to separate each of
the tissue types they built within their phantom, which inaccurately portray how
these tissues interact within the body. Since, in conditions exceeding 50 ◦ C, gelatin
phantoms will melt [25]. Some studies suggest that gelatin is unstable above room
temperature, making studies that occur at body temperature (37 ◦ C) impossible
unless high concentrations of gelatin are used [28]. These high concentrations of
gelatin also null the structural comparability of gelatin phantoms to tissues [28]. For
these reasons, gelatin is not an ideal gelling agent when exploring RF heating in
biological phantoms.

2.6.1

Agar Phantoms

While several gelling agents could be, and have been, used for creating phantoms,
Dabbagh et al. states that agar phantoms are ideal for use in thermal experimentation. Additionally, the ability to add a variety of diﬀerent proteins to agar gels allows
the researcher to easily change the magnetic resonance properties of the gel, making
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agar gels ideal for scanning with MRI [25]. Added proteins are not used in this study,
but it helps to further the use of agar in MRI phantoms. Oils can also be added to
agar gels, with the help of neutral detergents, in order to simulate fat found in breasts.
Complex inner structures can also be created using agar phantoms due to the stiﬀness of the resulting gel [25]. For example, wall-less vessel phantoms can be created
using agar, eliminating errors caused by signal attenuation at the container walls of
multi-tissue phantoms [25, 29]. Agar is strong enough to make large phantoms and
maintain their shape, even at high temperatures. The biggest limitation of using agar
is its fragility, which can be easily mitigated using careful handling techniques [25].

2.6.2

Multi-Gel Phantoms

Attempts have been made at creating multi-gel phantoms, for both testing SAR
in an anatomically realistic phantom and for the veriﬁcation of subdural electrode
localization tools. The ﬁrst is a head phantom by Graedel et al. [6, 7]. The container
of this phantom is a 3D printed plastic skull with diﬀerent compartments for the
diﬀerent tissue types found in the head. These compartments were ﬁlled with agar
gels containing polyethylene powder to decrease permittivity and NaCl to increase
conductivity [7]. A major issue with this phantom relates to the TSMs not being
suﬃciently segmented. For example the brain component is a homogeneous mixture to
represent the average dielectric property of the brain, which does not account for the
diﬀerences in various brain tissues [6,7]. Additionally, the authors speciﬁcally mention
that the artiﬁcial boundaries of the tissues will aﬀect any electrical and thermal
eﬀects that occur between adjacent tissues [7]. The use of plastic as a container also
misrepresents the electrical properties of the human head as plastic cannot mimic
bone and air electrical properties [7].
A second head multi-gel phantom was created by Kuß et al. [8]. A real skull was
used as the base of the phantom and multiple gels were used directly side-by-side
to create an anatomically accurate simulated brain. Interior structures of the brain

26
were created with agarose gels and the remaining portion were created with bloom
gelatin [8]. This was done intentionally to create a brain phantom that would accurately represent brain anatomy in order to verify subdural electrode localization
tools that are used in epilepsy surgery [8]. Care was taken to build the phantom
in stages, allowing the gels to cool and set which prevented melting of previously
molded gelatin components. Ultimately, this phantom is the most anatomically accurate gelled phantom found in this literature search, though it does not verify the
dielectric properties that would be important for testing. Similar methods, using agar
based gels, could be used to create a variety of anatomically accurate phantoms with
dielectrically accuracy.

2.7

Dielectric Tissue Properties
The IT’IS foundation from ETH Zurich has a comprehensive list of various tissues

with their dielectric properties, mainly curated from a compilation by Gabriel [10].
For conductivities at frequencies below 1MHz, additional sources are drawn from
for skin and fat/breast fat [30–35]. Breast gland was not reported at below 1MHz
[35]. There have been several other studies that also determine the permittivity and
conductivity of excised tissue samples. A follow-up study by Gabriel et al. explored
the diﬀerences in permittivity and conductivity measurements coming from diﬀerent
sources (bovine, ovine, porcine, and human) [36]. They found no signiﬁcant diﬀerence
between animal samples and increased variation when taking multiple data points on
the same sample versus between sample origins [36]. The authors also considered
their data to be in agreement with the literature [36]. As the data are presented in
an easily accessible database, this is the basis for the dielectric properties for tissues
of interest in this study.
Other studies looked speciﬁcally at the dielectric properties of breast tissue, both
normal and malignant. A paper by Sha et al. reviewed several works that characterized various electrical properties of diﬀerent tissues found within the breast. Sha
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et al. stated that the values across all the papers discussed are relatively consistent,
but their inconsistencies are likely due to changes in the exact frequency used, sample
preparation techniques, and the geometries of electrodes used to take measurements.
The ultimate goal of this work is to use dielectric spectra from tissues to determine
if a sample is malignant or benign. It was concluded that the low conductivity of
healthy breast tissue, as compared to malignant tissue, can help classify tissue types,
most signiﬁcantly in the 100MHz-1GHz range [37]. Sha et al. presented four main
possibilities for the diﬀerence in dielectric properties between malignant and benign
breast tissue: necrosis, charging of the cell membrane, relaxation times, and sodium
concentration and water content. Necrosis is the death of a cell, caused by the breakdown of the cell membrane. When the cell membrane breaks down, the tissue can
carry current at low frequency, decreasing the capacitance of the tumor [37]. In addition, the cell surface of a tumor cell may have a reduced membrane potential, leading
to absorption of cations. The additional positive charge to the cell membrane causes
the conductivity of malignant tissues to increase [37]. The relaxation times (T1, as
previously discussed) also increase for malignant tissues due to an increase in the
freedom of water within the tissue [37, 38]. The relaxation time of the tissue aﬀects
how the tissue reacts to a frequency input, and therefore aﬀects the dielectric properties of the tissue since they are frequency-dependent. Additionally, the increase in
sodium ions in malignant cells causes the cell membrane potentials to change, but
also causes more bound water to be retained within the cell. Bound water has a
higher permittivity and conductivity than free water, which would raise both measures in malignant tissue [37]. The Jossinet paper referenced by Sha et al. mainly
characterized the impedivity of breast tissue across a wide frequency sweep, looking
for the variability across a set of patients [39]. The researchers concluded that adipose
tissue, carcinoma, and ﬁbroadenoma can all be characterized by their impedivities,
especially at frequency ranges used for electrical impedance tomography [39]. Both
Sha et al. and Jossinet refer to Surowiec et al. who conducted experiments on breast
biopsy samples from 20kHz to 100MHz. They were able to characterize three diﬀerent
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types of breast cancer from the dielectric properties of the biopsies [38]. However,
the permittivity and conductivity values they measured had a wide spread across
all the samples for the same frequency sweep. Additionally, their analysis did not
include frequencies in the interest range of this study, (128MHz). The overarching
problem/gap associated with these three publications is that they do not describe the
permittivity and conductivity values at the precise frequency of interest for 3T MRI
(128MHz).
Winter et al. attempted to estimate breast dielectric properties using ultrawideband microwave signals from patients [40]. This could give patient-speciﬁc information for patient-speciﬁc imaging and treatment. However, several assumptions about
breast geometry and tissue must be made for the algorithms described in the paper
to work. Namely, it is assumed that the same breast geometry exists for each patient and that the skin and underlying fat are separate, but homogeneous layers. As
a result, the four BI-RADS breast types are not factored in when determining the
dielectric properties of the internal breast tissue. Therefore, the dielectric properties
presented here can be treated as averages of all the tissues within the breast, rather
than an accurate dielectric value of any single breast tissue component.
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3. STUDYING DIELECTRIC PROPERTIES OF AGAR
Agar is extracted from algae to create gels for several biological purposes and can also
be used in culinary applications. It is similar to sugar with the molecular formula
C14 H24 O9 [41]. Agarose is the pure form of agar, containing less impurities and is
electrically neutral [28]. It is, however, greatly more expensive to acquire than agar.
Agar also has a proton density and relaxation time comparable to human soft tissues,
making it ideal for MRI experiments [28]. The dielectric properties of agar, however,
appear to be largely not studied.
One study by Kandadai et al. compares conductivities of gelatin, agar, and agarose
gels at varying NaCl concentrations. Their results found that conductivity increased
with NaCl concentration, which is expected, and that the gelatin always had higher
conductivities than agar or agarose. Agar also had a higher conductivity than agarose,
but the diﬀerential between the two diminished with NaCl concentration. Their
results show that conductivity increased with saline concentration. There is no direct
eﬀect mentioned between conductivity and agar. Agar’s electrical properties have also
been explored, but the dielectric properties cannot be extracted from the resultant
data [42]. How the concentration of agar eﬀects the permittivity and conductivity of
a standard saline solution remains unknown.

3.1

Methods

3.1.1

Phantom Building

To explore the eﬀect of agar concentration on permittvity and conductivity, seven
phantoms were constructed with increasing percentages of agar by weight. Agar was
added at 0.1%, 0.5%, 1%, 1.5%, 2%, 2.5%, and 3% by weight, or 1g, 5g, 10g, 15g,
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20g, 25g, and 30g. The base of these phantoms is 0.1M saline, chosen because the
DAKS-12 probe used to measure dielectric properties uses 0.1M saline as a constant
for calibration. The saline is created by mixing 5.844g of NaCl into 1L of distilled
water. Each phantom also contains 0.5g of benzoic acid to prevent molding and
any other bacteria growth. The solution is boiled on a hot plate and stirred with
a magnetic stir rod. The agar is then added as the solution continues to boil; then
stirred for several minutes to ensure full saturation of the agar powder into the saline.
The solution is then allowed to cool to room temperature in a plastic container. Two
of each percent-agar phantoms were created and three separate measurements were
taken on each phantom. A measurement consisted of placing the probe head in the
phantom, taking ten averages, saving the last measurement in the averages, and then
removing the probe head and cleaning it with isopropyl alcohol.

3.1.2

Dielectric Measurement with Open-Ended Coaxial Probe

Permittivity and conductivity is measured using a DAKS-12 probe (SPEAG;
Zurich, Switzerland). The DAKS-12 is an open-ended coaxial probe. This is a commonly used method of determining dielectric properties at several frequency ranges.
The DAKS-12 system works for a range of 4MHz to 3GHz, with some restrictions.

Calibration of the DAKS-12
The DAKS-12 uses an Open-Short-Load (OSL) calibration method. The open
measurement is taken while the probe is in open-air. The short measurement is taken
by placing a copper strip across the end of the probe with a shorting block. To ensure
a good short, the copper strip is polished with a ﬁne-grit sandpaper and cleaned with
isopropyl alcohol before use and is twisted slightly within the shorting block. The load
measurement is taken by placing the probe head in 0.1M saline at an approximately
20◦ angle. The probe head should also be lightly swabbed to eliminate any micro-air
bubbles.
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Smith charts actively produced by the DAKS-12 program allow visualization of the
calibration. The open measurement should have a distinct line of frequency-response
points along the far right of the Smith chart. The short measurement should have a
tight bundle of frequency-response points on the center line of the Smith chart on the
far left. The 0.1M saline load measurement should be a curve of frequency-points in
the lower half of the Smith chart. Ensuring these conditions are met before accepting
the calibration is crucial to the accuracy of the probe results. The calibration was
performed daily before taking any measurements.

Open-Ended Coaxial Probes
Open-ended coaxial probes are a standard measurement tool when exploring dielectric properties [43]. They have been used to explore the relationship between
dielectric properties and SAR measurements in mobile phone and device applications
in the past, making them relevant for MRI testing of SAR as well [44]. This method
is a cut-oﬀ section of transmission line, often with a ﬂange or head on the end, used
to send and reﬂect signal [45]. This type of measurement is known as S11 , meaning
the signal is sent and reﬂected through the same section of transmission line. Since
the transmission line is open and inserted into the material of interest, the signal
changes as it comes into contact with various materials [45]. The S11 measurement is
recorded by a network analyzer on the opposite end of the transmission line, which
is then used to calculate the complex relative permittivity of the materials (r ) [45].
The vendors of most dielectric probes tend to keep their solver formulas proprietary,
however, there are scientiﬁc papers that describe some methodologies. Ellison et al.
describes determining dielectric properties from admittance measurements from the
open-ended coaxial probe [46]. When exact probe geometry is known and an inﬁnite
ground plane is assumed, they can create a model to accurately determine the permittivity of the material from admittance measurements. However, this also assumes
that the interface of the probe and material is perfectly described by a simple em-
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pirical model, which is rarely the case [46]. The model Ellison et al. proposes is not
universally valid, though it does describe, in depth, the complex mathematics needed
to calculate permittivity values from the open-ended coaxial probe method [46]. Ellison et al.’s model is, also, inherently geometry-based, as is the method described in
Stuchly and Stuchly [47]. Stuchly and Stuchly review diﬀerent types of waveguides
and how they can be used to determine dielectric properties of various biological substances. They suggest that open-ended coaxial lines are diﬃcult to use because the
capacitances needed to solve for permittivity are heavily reliant on the geometry of
the coaxial line and the thickness of the sample [47].
One of the major concerns in Ellison et al.’s work and Stuchly and Stuchly’s
work is determining the capacitance values between the probe head and material
(Co ) and between the center pin of the coaxial line and the outside ground of the
coaxial line (Cf ). Fu et al. describe a method in which these capacitances are not
needed to calculate the permittivity of the material [48]. This method relies on the
OSL calibration method to create a system of equations to solve for permittivity.
Bao et al. describe the calculations in depth. The formula to calculate permittivity is
based upon the complex impedance of the material, as measured from the open-ended
coaxial probe, seen in Equation 3.1. However, the capacitance values are not known.
The ideal reﬂection measurements (Γ) and measured reﬂection coeﬃcient (ρm ) can
be used to help solve for permittivity. The Bao et al. method assumes a two-port
network, where port one is the coaxial line connected to the network analyzer and port
two is the coaxial line meeting the material barrier. This gives the matrix in Equation
3.2 [49]. The sub-1 and sub-2 in the matrix are indicators of the incident and reﬂected
waves, respectively [49]. The reﬂection coeﬃcients are then related to the matrix by
Equations 3.3 and 3.4. Solving the matrix with Equations 3.3 and 3.4 yields Equation
3.5. A full equation that includes permittivity is described in Equation 3.6, with the
A constants deﬁned in Equations 3.7, 3.8, and 3.9. Ultimately, these are the equations
that can be used with the OSL calibration technique to determine permittivity [49].
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A3 =

Equations 3.7, 3.8, and 3.9 can be simpliﬁed by substituting the conditions achieved
through the OSL calibration. Substituting the short condition is the same as Γ = −1
and ρm = ρsm . When solving Equation 3.6 with the short condition, the solution is
Equation 3.10 [49]. The open condition is the same as  = 1 and ρm = ρom . Equation
3.6 in the open condition becomes Equation 3.11. The load condition is based upon
a saline liquid and is the same as  = s and ρm = ρlm [49]. Equation 3.6 in the load
condition becomes Equation 3.12.

A3 = ρsm

(3.10)
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ρom A1 − A2 − A3 = −ρom

(3.11)

ρlm A1 − A2 − s A3 = s ρlm

(3.12)

Using the known dielectric constant of the saline load (s ), the known reﬂection
coeﬃcient of a short (ρsm ), the known reﬂection coeﬃcient of an open (ρom ), and the
measured reﬂection coeﬃcient of the saline load (ρlm ), it is possible to solve for A1
and A2 . Simple algebraic substitution with Equations 3.11 and 3.12 will yield A1 and
A2 . The value of A3 is already known from Equation 3.10. Once the A constants are
known, they can be substituted into Equation 3.6. The raw reﬂection coeﬃcients (ρm )
can then be plugged into Equation 3.6 and the permittivity () can be determined [49].
It is critical to note that these equations are all frequency-dependent as s and ρlm
will diﬀer at each frequency. The A constants must be found for each frequency of
interest and then the corresponding reﬂection coeﬃcient (ρm ) of this frequency should
be used to calculate the  for that speciﬁc frequency [49].
The Bao et al. methodology conﬁrmed by Fu et al. [48], shows that a dielectric
probe of their own creation was successfully built and used at 128MHz to test the
dielectric characteristics of several excised tissue samples. The importance of having
a quality short during calibration is mentioned, which was also critical when using the
DAKS-12 probe [48]. Additionally, it is stated that air bubbles should be eliminated
during any calibration or measurement [48]. This was also critical when using the
DAKS-12 probe, as air bubbles changed the resulting reﬂection coeﬃcients measured.
The probe head was always wiped with a cotton swab when submerged in a liquid.
A light water layer and pressing the probe head as far as possible into the gel was
used in rigid and semi-rigid materials to eliminate air bubbles. As the solver is tied
to the calibration of the probe, any error in calibration will cause subsequent errors
in the measurements reported.
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3.2

Results
Six total measurements were taken for each phantom with a diﬀerent percent-

agar by weight. The measurements were taken over a frequency sweep of 100MHz
to 150MHz in steps of 2MHz, but only the measurements at 128MHz were analyzed.
The focus of this experiment was agar properties in a 3T MRI environment, which
is 128MHz in frequency. These measurements were averaged and their standard deviations were determined using the Microsoft Excel (Oﬃce 365)“AVERAGE” and
“STDEVA” functions, respectively. Additionally, for each separate set of measurements and averages, the absolute diﬀerence in permittivity and conductivity from the
liquid/known value of 0.1M saline was taken. This is to see the real tolerance in between the measured and expected values, as recommended by SPEAG, the DAKS-12
vendor. The average of the absolute diﬀerences was also found, as was the standard deviation of the absolute diﬀerence. Again, this was performed using the Excel
“AVERAGE” and “STDEVA” functions respectively.
It was hypothesized that increasing amounts of agar would change the permittivity
and conductivity in relation to the amount of agar added. This hypothesis was not
conﬁrmed through the experiment, but there was a change seen when adding agar.
The standard deviation in measurement tended to increase as the percentage of agar
in the phantom increased. Additionally, agar increments above 1.5% led to large
absolute diﬀerences from the expected, as compared to lower percentages of agar.
The standard deviations show that it is still possible to achieve the ideal permittivity
and conductivity measurements with any percentage of agar, up to 3%, but that
the likelihood of the permittivity and conductivity being above or below that value
increases substantially with more agar. The average data points, with corresponding
standard deviations can be seen in Tables 3.1 and 3.2, as well as in Figures 3.1, 3.2,
3.3, and 3.4. Additionally graphs of this data can be seen in Appendix A, Additional
Figures on Saline-Agar Phantoms.
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Table 3.1.
The averages of all conductivity and permittivity measurements at
128MHz (3T), as reported by the DAKS-12 and calculated with Excel’s “AVERAGE” function. The standard deviation of those averages
using Excel’s ”STDEVA” function.
Average of All

Standard Deviation of Averages

Measurements
% Agar

Permittivity

Conductivity

Permittivity

Conductivity

0

78.0

1.0

0

0

0.1

78.7

1.0

0.5

0.05

0.5

76.7

1.04

3.4

0.06

1

77.5

1.0

0.4

0.03

1.5

76.1

1.1

3.6

0.05

2

72.9

0.95

5.6

0.1

2.5

74.6

0.9

3.7

0.2

3

74.6

0.9

4.05

0.08

3.3

Conclusions and Future Work
This experiment showed that agar does have an eﬀect on the dielectric properties

of a material. This means that agar use should be taken into account when using
sugar- and salt-based liquid phantoms, such as when using the NIH Recipe Generator.
The experiment, however, does not show a consistent trend between the eﬀect agar
has on permittivity and/or conductivity. It is suspected that the increase in error as
agar increases, and the inability to accurately show a trend between dielectric property
and agar percentage, is due to the stiﬀness of the resultant gels and the DAKS12’s ability to measure non-liquid materials. The DAKS-12 performs best in liquid
materials. Below the 1% agar threshold, the phantoms created had a viscous, syruplike quality that made them more liquid than solid. Above the 1% agar threshold,
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Table 3.2.
The absolute diﬀerence between each phantom’s permittivity and conductivity as compared to the liquid values, along with corresponding
standard deviations.
Average Absolute Diﬀerences

Standard Deviation of Diﬀerences

% Agar

Permittivity

Conductivity

Permittivity

Conductivity

0

0

0

0

0

0.1

0.71

0.04

0.51

0.01

0.5

1.69

0.04

3.18

0.05

1

0.49

0.032

0.44

0.03

1.5

2.95

0.07

2.57

0.02

2

5.10

0.09

6.07

0.10

2.5

3.40

0.13

3.72

0.15

3

3.40

0.09

4.05

0.08

the phantoms become more ﬁrm and stiﬀ. The increase in stiﬀness of phantom also
led to an increase in brittleness of the phantoms. In these ﬁrm, more solid phantoms,
it became more diﬃcult to ensure a good connection between the probe head and
material. A light water layer was used to help mitigate issues associated with the
probe-material interface and the probe was pushed into the material until the surface
of the gel broke slightly or gave resistance. However, slight imperfections in the surface
of the gels and the connection between the probe and the gel could cause variations
in measurements. Additionally, since the DAKS-12 relies on sent and reﬂected signal
to calculate dielectric properties, the viscosity and stiﬀness of the gel could have an
eﬀect on the reﬂected reading that is independent of dielectric property. This would
cause errors based on the mechanical properties, rather than electrical properties,
of the material. Results show that the absolute diﬀerence between permittivities
is never, on average, more than 8 units away from the ideal permittivity and the
absolute diﬀerence of conductivity is never, on average, more than 0.2 units away
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Fig. 3.1. The average values of permittivity for each percent agar phantom.

from ideal. These are relatively good margins of reliability which could easily account
for biological diﬀerences found in nature. Therefore, a gelled TSM with agar could
still be considered reliable, even if values do not exactly match the liquid TSM.
Future experiments should be done that use smaller increments of agar with more
trials and measurements to create a more robust data set. Additionally, more steps
in agar percentage allows for a cleaner data curve, from which a potential equation
could be determined to predict how agar will aﬀect the dielectric property of any
material. This initial data, however, provided enough data to assume gelled TSMs
are accurate when based on liquid measurements and when used to validate TSMs at
0% agar, 1.5% agar, and 3% agar by water weight.
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Fig. 3.2. The average values of conductivity for each percent agar phantom.

Fig. 3.3. The absolute diﬀerences in permittivity for each percent agar phantom.
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Fig. 3.4. The absolute diﬀerences in conductivity for each percent agar phantom.
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4. GEL TSMS
The next phase of experiments was conducted to create and measure various TSMs
that match materials that could be used to make a breast phantom. These tissues
were decided based on the IT’IS database for breast tissue types and then compared
against the limiting criteria for measurements with the DAKS-12. Four of each gel
TSM were created, two with 1.5% agar and two with 3% agar. Measurements were
taken three times for each gel. Liquid versions of each TSM were also created to
verify the sugar and salt amounts determined by the NIH recipe generator. Since
fat is out of range to create using sugar and salt, a fat created by SynDaver Labs
(Tampa, Florida) was tested, as were four diﬀerent types of cooking fats.
The goals of these tests were to validate using the NIH recipe generator at 3T,
to determine if agar aﬀects the measurements of TSMs, and to validate the creation
of dielectrically accurate TSMs. It is important to note that the tests in Chapter 3
for the determination of agar’s eﬀect on dielectric properties did not include sugar,
whereas the TSMs had an over-saturation of sugar. The sugar variable is believed to
play a part in the resultant change in dielectric property from the value presented by
IT’IS, as will be explained.

4.1

Tissue Selection
Based on tissues available in the IT’IS database, seven tissue types were selected

as potential tissues of interest. The dielectric properties of these tissues were then
compared to the measurement constraints outlined by the DAKS-12 calibration certiﬁcate [50]. There are two criteria, put forth to obtain an accurate measurement.
The ﬁrst criterion is that, for the frequency range 20MHz-200MHz, the material permittivity should be in the 10-40 range and the material conductivity should be below
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0.1 S/m. The second criterion is that, for the frequency range 20MHz-200MHz, the
material permittivity should be between 35-100 and the material conductivity should
be between 0.1 and 1 S/m. Table 4.1 shows the seven materials found in the IT’IS
database at 128MHz and conﬁrms if they meet the criteria for being measurable by
the DAKS-12 system.
Table 4.1.
Materials of Interest
Material

r

σ (S/m)

Meets criteria

Breast Fat

5.65

0.003

No

Breast Gland

66.8

0.804

Second Criterion

Cartilage

52.9

0.488

Second Criterion

Fat

12.4

0.0697

First Criterion

Fat (not

5.92

0.0369

No

Lymph Node

83

0.608

Second Criterion

Skin

65.4

0.523

Second Criterion

inﬁltrated)

The tissues that meet the DAKS-12 measurement criteria were then entered into
the NIH recipe generator to determine corresponding amounts of salt, sugar, etc. Each
phantom recipe was generated using an input water volume of 1L, since the minimum
amount of liquid that can be accurately measured with the DAKS-12 is 1 liter (L).
The input temperature of each phantom was 21.5◦ C, room temperature. Since dielectric properties are temperature dependent, it is critical to build phantoms that
will be room temperature to ensure the resultant materials have the correct dielectric property. All recipes were also determined for 128MHz, as this is the frequency
for 3T MRI. Measurements were taken over a sweep of 100MHz-150MHz using the
DAKS-12, but the frequency of interest is reported since the phantoms were created
to match a target value at 128MHz.
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The recipes for breast gland, cartilage, and skin are shown in Tables 4.2, 4.3, and
4.4. The agar content is shown as 0 in those tables as they are for liquid TSMs,
however, agar is added by percent weight of water content and does not change
the concentrations of any other material. Therefore, 1.5% agar gels contain 15g
of agar and 3% agar gels contain 30g of agar. Fat and lymph node, despite being
measurable by the DAKS-12, are not included because they are outside the bounds of
the NIH recipe generator. However, fat was still tested using a synthetic fat material
from SynDaver Labs (Tampa, Florida) and four types of cooking fat (lard, Crisco c ,
vegetable oil, and canola oil).
Table 4.2.
Recipe from NIH Recipe Generator for Simulated Breast Gland
NaCl (g)

24.36

Sugar (g)

715.0

Agar (g)

0

Benzoic Acid (g)

1

Water (g)

1000

Estimated σ (S/m)

0.804

Estimated 

66.8

Estimated ﬁnal volume (mL)

1444.5

Estimated density (g/L)

1187.3

Est. Heat Capacity ((J/g)/K)

3.2

Est. Therm. Cond. (W/(mK))

0.5

Temperature (◦ C)

21.5

Frequency (MHz)

128
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Table 4.3.
Recipe from NIH Recipe Generator for Cartilage

4.2

NaCl (g)

69.6

Sugar (g)

1569.8

Agar (g)

0

Benzoic Acid (g)

1

Water (g)

1000

Estimated σ (S/m)

0.488

Estimated 

52.9

Estimated ﬁnal volume (mL)

1984.1

Estimated density (g/L)

1295.2

Est. Heat Capacity ((J/g)/K)

2.7

Est. Therm. Cond. (W/(mK))

0.40

Temperature (◦ C)

21.5

Frequency (MHz)

128

Methods

4.2.1

Gel Building

All gels were created using the same methodology. First, the correct amount of
NaCl, sugar, agar, benzoic acid, and distilled water were measured. Water was put in
a 2L beaker on a hot/stir plate with a magnetic stir rod. The mixture was constantly
stirred using the magnetic stir rod. As the water came to a rapid boil, the NaCl
and benzoic acid were added. Sugar was slowly added since the bulk amount takes
longer to dissolve into solution. Once the sugar, salt, and benzoic acid were fully
incorporated, the mixture was A) removed from the heat and cooled if the ﬁnal result
was a liquid TSM; B) boiled further with the addition of agar if the ﬁnal result was a
gel TSM. In case B, the mixture boiled for at least 15 minutes to ensure all the agar
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Table 4.4.
Recipe from NIH Recipe Generator for Skin
NaCl (g)

18.85

Sugar (g)

813.0

Agar (g)

0

Benzoic Acid (g)

1

Water (g)

1000

Estimated σ (S/m)

0.523

Estimated 

65.4

Estimated ﬁnal volume (mL)

1506.0

Estimated density (g/L)

1203.8

Est. Heat Capacity ((J/g)/K)

3.1

Est. Therm. Cond. (W/(mK))

0.50

Temperature (◦ C)

21.5

Frequency (MHz)

128

went into solution. The solution then cooled slightly before it was poured into plastic
containers and cooled to room temperature.

4.2.2

Dielectric Measurements

Measurements were taken via methods described in section 3.1.1 and 3.2. The
probe was calibrated using the OSL method, ensuring a good short. Measurements
taken in liquid were taken with the probe at approximately 20◦ angle to the horizontal
and the probe head was wiped with a cotton swab to eliminate any bubbles. TSMs
with a jelly-like consistency were also measured with the probe at approximately 20◦
to the horizontal, but they were not wiped as the material was too viscous. TSMs that
were fully gelled were measured by ﬁrst coating the surface of the gel with a small layer
of water,and then pressing the probe head into the gel until it broke slightly around
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the probe head or there was suﬃcient resistance from the gel to ensure full contact.
All gel measurements were repeated three times and the probe head was cleaned
with isopropyl alcohol and a soft wipe between each measurement. The DAKS-12
probe takes ten recordings and averages them to generate one measurement. Liquid
measurements were taken once, as the error margins were signiﬁcantly lower than the
errors found in the gels.

4.2.3

Data Analysis

All data was analyzed using Microsoft Excel. The average of measurements was
found using the Microsoft Excel function “AVERAGE”. The standard deviation
was found using the Microsoft Excel function “STDEVA”. Percent diﬀerences were
calculated by the SPEAG DAKS-12 software when the data was exported into Excel
with the target data entered by the user. In this case, all target data was downloaded
from the IT’IS foundation by creating a chart for the frequency sweep that was
being measured across (100MHz-150MHz). This was then uploaded to the SPEAG
DAKS-12 software as a material ﬁle. The correct material ﬁle was then chosen as
the target data for each measurement taken during the experiment. Therefore, the
percent diﬀerences are based directly on what the IT’IS database reports as the true
or theoretical value of the TSM.

4.3

Results

4.3.1

Liquid TSMs

Breast Gland
The breast glands, or mammary glands, are a critical component of developing
an accurate breast phantom. As ﬁbroglandular tissues are not mentioned outside
of the BI-RADS ratings, it is assumed that this breast gland tissue constitutes the
density of breast. The results for the liquid breast gland phantom can be seen in
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Table 4.5. Note that the percent error for permittivity is well under 5%, however the
percent error for conductivity is approximately 11%. This is a common issue for the
gels. SPEAG stated that percent error is a relatively unreliable way to look at the
accuracy of this data, and instead the absolute diﬀerence between the measured data
and the ideal/target data set should be used. The absolute diﬀerence for permittivity
is under 0.6 units. The absolute diﬀerence for conductivity is under 0.09 S/m. Both
dielectric characteristics are close to the target values, within one signiﬁcant ﬁgure.
This validates the NIH recipe generator for liquid breast gland tissues at 128MHz,
below the initially validated frequency range [11].
Table 4.5.
Liquid TSM Breast Gland Dielectric Properties
Permittivity

Conductivity (S/m)

Given

66.8

0.804

Measured

66.2

0.716

Percent Error (%)

-0.859

-10.9

Absolute Diﬀerence

0.574

0.0880

Skin
Skin is critical to developing an accurate breast phantom as it is the ﬁrst layer of
the breast and can aﬀect the SAR and RF heating throughout the breast. The results
for the liquid skin phantom can be seen in Table 4.6. Both of the percent errors are
under a 5% tolerance, and the values diﬀered by one signiﬁcant ﬁgure from the target
values. This validates the NIH recipe generator at 128MHz for liquid skin.
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Table 4.6.
Liquid TSM Skin Dielectric Properties
Permittivity

Conductivity (S/m)

Given

65.4

0.523

Measured

64.4

0.499

Percent Error (%)

-1.53

-4.60

Absolute Diﬀerence

0.998

0.024

Cartilage
Cartilage is a breast phantom component when incorporating the whole torso into
the phantom, as it represents connective tissues from the breast to the torso. The
results for the liquid cartilage phantom can be found in Table 4.7. Here, the percent
error is still under the 5% tolerance for permittivity, but it is outside that tolerance
for conductivity. The absolute diﬀerence, however, has a diﬀerence of one signiﬁcant
ﬁgure for both values. This validates the NIH recipe generator for 128MHz for liquid
skin.
Table 4.7.
Liquid TSM Cartilage Dielectric Properties
Permittivity

Conductivity (S/m)

Given

52.9

0.488

Measured

53.1

0.397

Percent Error (%)

0.238

-18.8

Absolute Diﬀerence

0.126

0.092
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4.3.2

SynDaver Labs Fat

SynDaver Labs (Tampa, Florida) creates realistic, synthetic cadavers for training
surgeons. They endeavor to make their artiﬁcial tissues as close to real tissue in terms
of feel, thermodynamic properties, and dielectric properties. The bulk fat was tested
as a potential gel TSM for fat outside of what could be created using the NIH recipe
generator. While the errors for the bulk fat material are outside of what is acceptable
for this study, SynDaver Labs stated that a more dielectrically accurate fat material
could be created, but it would not have the same tactile characteristics that their
consumers typically require. The results for the SynDaver Labs fat can be seen in
Table 4.8. These results demonstrate that the traditional SynDaver fat cannot be
used as a reliable fat tissue simulating material.
Table 4.8.
SynDaver Labs Fat Dielectric Properties

4.3.3

Permittivity

Conductivity (S/m)

Given

12.4

0.070

Measured

46.8

0.030

Percent Error (%)

277.5

56.7

Absolute Diﬀerence

34.4

0.040

Breast Gland TSMs

After verifying ingredient amounts with the liquid breast gland TSM, four diﬀerent
gel breast gland TSMs were created. Two with 1.5% agar and two with 3% agar.
Figure 4.1 shows the average permittivities of breast gland gels at 128MHz, with the
ideal value in blue, the average of all measurements with 3% agar in orange, the
average of all 1.5% agar measurements in grey, and the average of all measurements
in yellow. The error bars are the standard deviations of all measurements within
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the averages. Figure 4.2 is set up in the same way as Figure 4.1, but shows the
conductivities instead.

Fig. 4.1. Average permittivities of the breast gland phantoms, separated by percent agar. Error bars show standard deviation of individual measurements.

It should be noted that although the liquid breast gland phantom was considered
valid with this recipe, the gelled phantom is further from ideal values. There are
several possible reasons for this that will be discussed later. The absolute diﬀerence
between the ideal value at 128MHz and the average measured values at 128MHz are
shown in Figures 4.3 and 4.4. Additional ﬁgures showing the individual measurements
from these gels can be seen in Appendix B.

4.3.4

Cartilage TSMs

As with the breast gland phantoms, four cartilage phantoms were also created and
measured in triplicate. The average results of these measurements can be seen in Fig-
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Fig. 4.2. Average conductivities of the breast gland phantoms, separated by percent agar. Error bars show standard deviation of individual measurements.

ures 4.5, 4.6, 4.7, and 4.8. Additional ﬁgures showing all the individual measurements
can be seen in Appendix B.

4.3.5

Skin TSMs

Four skin phantoms were created and measured in triplicate. The average results
of these measurements can be seen in Figures 4.9, 4.10, 4.11, and 4.12. Additional
ﬁgures showing all the individual measurements can be seen in Appendix B.

4.3.6

Fat TSMs

Instead of attempting to create fat TSMs using the sugar and salt methods used
for the other TSMs, traditional cooking fats were used. Vegetable oil, Crisco c (allvegetable shortening), canola oil, and lard (animal fat-based shortening) were used
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Fig. 4.3. Average absolute diﬀerence in permittivity of the breast
gland phantoms, separated by percent agar. Error bars show standard
deviation of individual measurements.

and compared to fat. Fat is notoriously diﬃcult to simulate due to its low permittivity
with a relatively high conductivity. The average results, as compared to body fat, can
be seen in Figures 4.13, 4.14, 4.15, and 4.16. Additional ﬁgures with the individual
measurements can be seen in Appendix B.
The cooking oil measurements were all more similar to the reported values of
breast fat from IT’IS. Although breast fat is outside the measurable range for the
DAKS-12, they were still compared to breast fat to determine an ideal candidate for
developing a full breast model. While all oils had roughly the same permittivity, which
is only 3 units diﬀerent from the breast fat permittivity, the conductivity of lard is
nearly identical to breast fat. These measurements should be veriﬁed with a tool other
than the DAKS-12, but the measurements should be reasonably accurate considering
the consistency in measurement. Lard can be considered the ideal candidate for
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Fig. 4.4. Average absolute diﬀerence in conductivity of the breast
gland phantoms, separated by percent agar. Error bars show standard
deviation of individual measurements.

representing breast fat out of all the cooking oils tested. The average results, as
compared to breast fat, can be seen in Figures 4.17, 4.18, 4.19, and 4.20.

4.4

Discussion
A major concern with the results from this study is that the gels did not produce

results that were as accurate as the liquid TSMs. In some cases, such as the breast
gland gels, the average absolute diﬀerence is about 8 units. This diﬀerence is much
higher than the diﬀerence in the liquid TSM. There are a few possible reasons for this
diﬀerence. One is that the agar acts as additional sugar due to its chemical similarity
to sugar. This causes a decrease in permittivity. However, as discussed in Chapter 3,
agar does not have this eﬀect in the saline phantoms. One possible reason as to why
it has this eﬀect in the TSM phantoms is because the TSM phantoms already have
a very high sugar content, so the additional agar continues to aﬀect the permittivity.
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Fig. 4.5. Average permittivity measurements of cartilage phantoms,
separated by percent agar. Error bars show standard deviation of
individual measurements.

Whereas, the lack of sugar in the saline phantoms may decrease the eﬀect of agar on
permittivity.
Another possibility for the larger diﬀerence in dielectric properties when using
agar in the TSMs is due to the high viscosity of the liquids before adding agar. The
large quantities of sugar in the TSMs make the liquids more syrup-like before agar
is added. This viscosity change could have an eﬀect on the dielectric properties or
how they are measured using the open-ended coaxial probe method. Similarly, the
large quantities of sugar increase the total end volume of the TSMs. Since the agar
amount was based on percent weight of the water added, the consistency of the ﬁnal
agar gels diﬀered. For example, the amount of sugar needed to make the cartilage
TSMs caused the volume to nearly double, meaning that the gels were more of a
jelly-like consistency than a fully ﬁrm gel. The ﬁnal gel consistency likely had the
greatest eﬀect on the diﬀerence between the liquid TSMs and gel TSMs. The more
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Fig. 4.6. Average conductivities of cartilage phantoms, separated by
percent agar. Error bars show standard deviation of individual measurements.

dense the gel is, the more diﬃcult it is to obtain a good connection between the probe
head and the gel. This leads to inherent error in measurements. More research should
be done to assess how material stiﬀness aﬀects the dielectric properties.

56

Fig. 4.7. Average absolute diﬀerence in permittivities of the cartilage phantoms, separated by percent agar. Error bars show standard
deviation of individual measurements.
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Fig. 4.8. Average absolute diﬀerence in conductivity of the cartilage
phantoms, separated by percent agar. Error bars show standard deviation of individual measurements.
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Fig. 4.9. Average permittivity measurements of skin phantoms, separated by percent agar. Error bars show standard deviation of individual measurements.
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Fig. 4.10. Average conductivities of skin phantoms, separated by
percent agar. Error bars show standard deviation of individual measurements.
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Fig. 4.11. Average absolute diﬀerence in permittivities of the skin
phantoms, separated by percent agar. Error bars show standard deviation of individual measurements.
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Fig. 4.12. Average absolute diﬀerence in conductivity of the skin
phantoms, separated by percent agar. Error bars show standard deviation of individual measurements.
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Fig. 4.13. Average permittivity measurements of fat phantoms, separated by oil type. Error bars show standard deviation of individual
measurements.

Fig. 4.14. Average conductivities of fat phantoms, separated by oil
type. Error bars show standard deviation of individual measurements.
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Fig. 4.15. Average absolute diﬀerence in permittivities of the fat
phantoms, separated by oil type. Error bars show standard deviation
of individual measurements.
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Fig. 4.16. Average absolute diﬀerence in conductivity of the fat phantoms, separated by oil type. Error bars show standard deviation of
individual measurements.
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Fig. 4.17. Average permittivity measurements of fat phantoms, separated by oil type. Error bars show standard deviation of individual
measurements.

Fig. 4.18. Average conductivities of fat phantoms, separated by oil
type. Error bars show standard deviation of individual measurements.
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Fig. 4.19. Average absolute diﬀerence in permittivities of the fat
phantoms, separated by oil type. Error bars show standard deviation
of individual measurements.
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Fig. 4.20. Average absolute diﬀerence in conductivity of the fat phantoms, separated by oil type. Error bars show standard deviation of
individual measurements.
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5. FULL BREAST MODEL
As a proof of concept, a full breast model was created using the materials tested in
Chapter 4. This model was developed using a breast cast to create an anatomically
accurate breast phantom. The bulk of the phantom was comprised of lard due to its
ease of molding and similar dielectric properties to breast fat. A 3% agar-containing
skin gel was used as the outer material. The 3% agar by weight was chosen for ﬁrmness
and physical stability. Three percent agar-containing breast gland gel was injected
into the lard to represent glandular tissue throughout the breast. The breast phantom was imaged using a Discovery MR750 3T scanner (General Electric Healthcare,
Chicago, IL).

5.1

Methods
The mold for creating the breast phantom was created by casting a young-adult

female subject’s upper torso. The cast was made using the Pearhead belly casting kit
(Pearhead, Inc., Brooklyn, NY). The cast was ﬁrst painted with a protective layer of
paint and covered in plastic wrap. An image of the cast can be seen in Figure 5.1. A
skin gel was created using the same methodology discussed in Chapter 4 and cooled
until it was a jelly-like consistency. Then, the gel was poured into the cast and spread
along the inner surface area of the cast. The gel was allowed to set completely for at
least 12 hours (overnight).
After the skin gel set, lard was added to completely ﬁll each breast indentation.
Benzoic acid was scattered ontop of the skin gel and lard, to prevent molding. Since
lard is not completely ﬁrm, the full cast was placed in a freezer overnight to maintain
the shape while the phantom was being manipulated. A breast gland gel was then
created using the same methodology from Chapter 4. While the gel was being made
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Fig. 5.1. Cast used as mold for breast phantoms.

the cast was allowed to defrost enough that holes could easily be punctured in the
lard layer. Once the breast gel cooled slightly, it was poured into these holes. In some
cases, a pipette was used to assist in injecting the liquid into the holes. The cast was
then placed into the freezer until the gel set and the lard completely froze around the
breast gland gel. This freezing process happened overnight (at least 12 hours).
After freezing, another skin gel was made and cooled slightly. While the skin gel
cooled, the phantoms were removed from either side of the cast. The skin gel was
then poured over the frozen phantom to ﬁll any areas where the skin gel may have
pulled away from the lard or did not set in the mold. The phantom was transferred
to a piece of wax paper and returned to the freezer to refreeze and allow the skin gel
to fully set. After the skin gel set and the lard froze, again, each breast was wrapped
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neatly in plastic wrap. The plastic wrap maintained the shape if the phantom outside
the mold, prevented the gel from ﬂaking oﬀ of the lard, and prevented lard or gel from
transferring oﬀ the phantom to any surrounding surface. If the phantoms are to be
used for an extended period of time, they should be stored in the freezer between uses
in order to maintain their shape and prevent mold and bacterial growth. A ﬁnished
breast phantom, from the left breast of the cast, can be seen in 5.2 and 5.3

Fig. 5.2. Top view of the left breast phantom.

5.2

MRI
Images from the full breast phantom were taken on a GE Discovery MR750 3T. A

32 channel research head coil was used for transmission and receiving. Images were
taken with and without fat saturation. The images show the skin layer, fat layer,
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Fig. 5.3. Side view of the left breast phantom.

and breast gland inserts, extremely similar to a real breast. A three-dimensional
fast spoiler gradient echo (FSPGR) sequence was used to acquire Figure 5.4 A. This
sequence has TR=3.9 ms, TE=2.1 ms, TI=450 ms, and NEX=1.
The ﬂat end of the phantom on the right is where the breast would meet the body,
the domed side on the left is the outer breast. It is possible to see the skin layer on
the outside of the phantom, the lard to represent the fatty tissue, and the breast
gland injections.
Images were also acquired using VIBRANT, a GE pulse sequence that uses inversion recovery to saturate the fat in the image. VIBRANT has a TR=3.9 ms, TE=1.7
ms, and NEX=1. This allows the breast gland injections and skin layer to stand out,
since the lard potion is suppressed. Images with VIBRANT can be seen in 5.4 B.
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An axial T2-based fast spin-echo (FSE) scan was also used to acquire images with
the chemical saturation set to both ”fat” and ”fat classic”. With fat saturation set,
the scan had a TR=2608 ms and TE=98.6 ms with a slice thickness of 3mm. With
fat classic saturation set, the scan had a TR=8304 ms and TE=104 ms with a slice
thickness of 10mm. These images also suppress the lard in the image, for a clearer
view of the skin and breast gland portions. The image using ”fat” suppression can
be seen in Figure 5.4 C and the image using ”fat classic” suppression can be seen in
Figure 5.4 D. Additional images can be seen in Appendix C.
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Fig. 5.4. MRI of full breast phantom. A) Sagittal slice using FSPGR;
anatomical scan. B) Axial slice using VIBRANT. C) Sagittal slice
with fat saturation. D) Sagittal slice with fat classic saturation.
Curved side is outer layer of breast with skin gel present, followed
by lard. Protrusions from ﬂat side are injected breast gland gel. Images are of single breast in 32 channel head coil.
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6. CONCLUSIONS AND FUTURE WORK
6.1

Conclusions
Several conclusion can be drawn from this work. First, the NIH recipe generator

is valid for recipes with no agar at 128MHz. This frequency is below the original
validated range of frequencies presented by Duan et al. [11]. Second, the addition
of agar does have an eﬀect on the dielectric properties of TSMs, as opposed to the
conclusions from Duan et al.. The exact relationship between agar and changes in
permittivity and conductivity is not known, as the relationship changes depending
on the TSM. In general, the diﬀerence between target tissue properties and measured
dielectric properties is within a range deemed acceptable for TSM use. This further
validates the NIH recipe generator written by Duan et al., while proposing methods
to make the generator more robust. The full breast phantom built shows that these
materials can be used to create an anatomically accurate breast phantom. Additionally, using MRI sequences, the full breast phantom accurately mirrors existing breast
MR images.

6.2

Future Work
Further work should be done to explore the eﬀect agar has on the dielectric char-

acteristics of materials, especially in the presence of sucrose. Material viscosity and
stiﬀness should also be explored related to its eﬀects on dielectric characteristics.
Additionally, the remaining steps from Figure 1.5 should be explored: (1) the RF
heating diﬀerences at the gel-gel interface should be explored, and (2) the full breast
phantom should be used to test RF heating with high-power pulse sequences. As part
of using the RF heating tests with the breast phantom to validate any SAR and RF
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heating simulations, the breast phantom should also be simulated to produce one-toone comparisons in the real world and simulations. Additionally, while the full breast
phantom is a good anatomical representation of a breast, more sophisticated gel injection techniques could be used to create intricate glandular systems within the breast.
These techniques should be explored to create a breast phantom that represents each
of the four BI-RADS breast classiﬁcations. Additionally, the phantoms should be
tested in simulation and physical experimentation with gadolinium-containing contrast agent injected into the breast, as clinical breast MRI uses gadolinium-containing
contrast agent for diagnostic purposes [51]. When testing various MRI sequences with
the breast phantom, a T1-weighted, dynamic contrast enhanced acquisition should
be used as it is the most commonly used sequence type in clinical breast MRI [51,52].
The multi-gel work from these studies should also be applied to other anatomies and,
potentially, whole-human tissue models to continue studying the eﬀects of SAR and
RF heating in MRI.
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A. ADDITIONAL FIGURES ON SALINE-AGAR
PHANTOMS

Fig. A.1. All values of permittivity for each percent agar phantom.
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Fig. A.2. All values of conductivity for each percent agar phantom.

Fig. A.3. All absolute diﬀerences in permittivity for each percent agar phantom.
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Fig. A.4. All absolute diﬀerences in conductivity for each percent agar phantom.
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B. ADDITIONAL FIGURES ON TSM PHANTOMS

Fig. B.1. All permittivity measurements for the breast gland phantoms.
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Fig. B.2. All conductivity measurements for the breast gland phantoms.

Fig. B.3. All absolute diﬀerence in permittivity measurements for the
breast gland phantoms.

86

Fig. B.4. All absolute diﬀerence in conductivity measurements for the
breast gland phantoms.

Fig. B.5. All permittivity measurements for the cartilage phantoms.
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Fig. B.6. All conductivity measurements for the cartilage phantoms.

Fig. B.7. All absolute diﬀerence in permittivity measurements for the
cartilage phantoms.
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Fig. B.8. All absolute diﬀerence in conductivity measurements for the
cartilage phantoms.

Fig. B.9. All permittivity measurements for the skin phantoms.
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Fig. B.10. All conductivity measurements for the skin phantoms.

Fig. B.11. All absolute diﬀerence in permittivity measurements for
the skin phantoms.
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Fig. B.12. All absolute diﬀerence in conductivity measurements for
the skin phantoms.

Fig. B.13. All permittivity measurements for the fat phantoms.
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Fig. B.14. All conductivity measurements for the fat phantoms.

Fig. B.15. All absolute diﬀerence in permittivity measurements for
the fat phantoms.
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Fig. B.16. All absolute diﬀerence in conductivity measurements for
the fat phantoms.
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C. ADDITIONAL FIGURES FROM MRI

Fig. C.1. Fat saturated image of breast phantom. Obtained with
VIBRANT (TR=3.9 ms, TE=1.7 ms). Axial slices between 53.2 and
53.9 mm of phantom center. Rounded area facing top edge of image
is the outer layer, where the skin gel is present. Below skin layer is
lard layer. Protrusions from bottom of images into fat layer are breast
gland gel injections.
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Fig. C.2. Fat saturated image of breast phantom. Obtained with
VIBRANT (TR=3.9 ms, TE=1.7 ,s). Axial slices from 1.0 to 3.7 mm
from phantom center.Rounded area facing top edge of image is the
outer layer, where the skin gel is present. Below skin layer is lard
layer. Protrusions from bottom of images into fat layer are breast
gland gel injections.
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Fig. C.3. Fat saturated image of breast phantom. Obtained with
VIBRANT (TR=3.9 ms, TE=1.7 ms). Axial slices between 6.4 and
9.1 mm from phantom center.Rounded area facing top edge of image
is the outer layer, where the skin gel is present. Below skin layer is
lard layer. Protrusions from bottom of images into fat layer are breast
gland gel injections.
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Fig. C.4. Fat saturated image of breast phantom obtained with
FSE with fat classic saturation enabled (TR=8304 ms, TE=104
ms). Sagittal slices between 7.4 and 16.4 mm from phantom center. Rounded side facing left edge of ﬁgure is the outer skin gel layer.
To the left of the skin layer is the fat layer. Protrusions coming from
right side into the fat layer are injected breast gland gel. Contrast is
higher between the skin and breast gland gels and the lard/fat layer.
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Fig. C.5. Fat saturated image of breast phantom obtained with
FSE with fat classic saturation enabled (TR=8304 ms, TE=104 ms).
Sagittal slices between -4.6 and 4.4 mm of phantom center. Rounded
side facing left edge of ﬁgure is the outer skin gel layer. To the left of
the skin layer is the fat layer. Protrusions coming from right side into
the fat layer are injected breast gland gel. Contrast is higher between
the skin and breast gland gels and the lard/fat layer.
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Fig. C.6. Fat saturated image of breast phantom obtained with FSE
with fat saturation enabled (TR=2608 ms, TE=98.6 ms). Sagittal
slices between 3.4 and 33.4 mm from phantom center. Rounded side
facing left edge of ﬁgure is the outer skin gel layer. To the left of the
skin layer is the fat layer. Protrusions coming from right side into the
fat layer are injected breast gland gel. Contrast is higher between the
skin and breast gland gels and the lard/fat layer.
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Fig. C.7. Fat saturated image of breast phantom obtained with FSE
with fat saturation enabled (TR=2608 ms, TE=98.6 ms). Sagittal
slices between -16.6 and 13.4 mm from phantom center. Rounded
side facing left edge of ﬁgure is the outer skin gel layer. To the left of
the skin layer is the fat layer. Protrusions coming from right side into
the fat layer are injected breast gland gel. Contrast is higher between
the skin and breast gland gels and the lard/fat layer.

